The prevalence of CTX-M-producing members of the Enterobacteriaceae is increasing worldwide. A novel, multiplex, real-time TaqMan PCR assay to detect and type bla CTX-M genes is described which is an improvement on previously described techniques with respect to reduced assay time, elimination of the need for protracted post-PCR processing and the convenience of a single reaction vessel. Based on b-lactam antibiogram and MIC data, 478 of 1279 Enterobacteriaceae isolates from clinical blood and urine culture specimens were selected and tested for extended-spectrum b-lactamase (ESBL) production using phenotypic methods. The new TaqMan assay detected and typed bla CTX-M genes in 21 of 28 ESBL-producing isolates.
INTRODUCTION
Delayed treatment of infections caused by extendedspectrum b-lactamase (ESBL)-producing organisms is associated with increased mortality (Paterson et al., 2001 (Paterson et al., , 2004 . Originally described in 1989 (Bauernfeind et al., 1990) , CTX-M-type ESBLs may now be the most common ESBL type worldwide (Paterson & Bonomo, 2005) . More than 50 different CTX-M enzymes have been described and can be assigned to one of five phylogenetic groups, CTX-M-1, CTX-M-2, CTX-M-8, CTX-M-9 or CTX-M-25, based on their amino acid sequence (Bonnet, 2004) . Molecular-based detection and typing of ESBL producers offers the potential for faster diagnosis and earlier epidemiological information for outbreak control than current practices employing locally based ESBL detection by culture methods combined with reference-laboratory-based typing by multiple PCR assays. We describe a multiplex, real-time TaqMan PCR method to detect and characterize CTX-M genotypes that is an improvement on previously described techniques.
METHODS
Blood culture isolates. Over the 2-year period from January 2002 to December 2003, 322 members of the Enterobacteriaceae were isolated from blood cultures received by the Microbiology laboratory at Addenbrooke's Hospital, Cambridge, UK. All Enterobacteriaceae isolates reported resistant to cefotaxime and/or ceftazidime when originally isolated, or with reduced susceptibility to either of these agents in MIC tests on recovery from storage at 270 uC, were identified to species level using API 20E kits (bioMérieux). ESBL production was tested by a combination disc method (Carter et al., 2000) , with all available cephalosporin-clavulanate combinations (cefotaxime, ceftazidime, cefpirome and cefpodoxime; Oxoid).
Urine culture isolates. In a separate study, 957 isolates of the Enterobacteriaceae from consecutive urine samples received by the Microbiology laboratory between April and August 2004 were examined. All isolates resistant to ampicillin, amoxicillin-clavulanate or cefalexin by routine disc diffusion tests were tested for ESBL production by the combination disc method, as described above.
Design of the consensus primer pair and four Taqman probes. Reference bla CTX-M sequences representing each of the five CTX-M phylogenetic groups were assembled from the GenBank database (http://www.ncbi.nlm.nih.gov/GenBank). Accession numbers used were: X92506 (bla CTX-M-1 ), X92507 (bla CTX-M-2 ), AF550415 (bla CTX-M-3 ), AJ005044 (bla CTX-M-5 ), AJ005045 (bla CTX-M-7 ), AF189721 (bla CTX-M-8 ), D89862 (bla CTX-M-9 ), AF255298 (bla CTX-M-10 ), AJ310929 (bla CTX-M-11 ), AY571969 (bla CTX-M-12 ), AF252622 (bla CTX-M-14 ), AY463958 (bla CTX-M-15 ), AF325133 (bla CTX-M-18 ), AF518567 (bla CTX-M-25 ), AY157676 (bla ) and AF501233 (bla KLUG-1 ). The sequences were aligned using computer software [MegAlign (ClustalV method), Lasergene (version 5); http:// www.DNAstar.com]. Conserved sites were identified and a consensus primer pair was designed (Table 1; Metabion). Four TaqMan probes were designed around group-specific motifs: three of the probes were designed specifically to detect genes encoding CTX-M-1, CTX-M-2 and CTX-M-9 group enzymes (Metabion); the fourth probe was designed to detect bla CTX-M genotypes not belonging to the CTX-M-1 group and contained a minor groove binder (MGB) moiety to increase the melting temperature (T m ) and specificity Abbreviation: ESBL, extended-spectrum b-lactamase.
(Applied Biosystems UK). Probe reporter dyes (at the 59 position) were either Fam, Cy5, Rox or Joe and quencher dyes (at the 39 position) were either Tamra, BHQ-2 or NFQ (Table 1) . DNA extraction and the PCR assay. Two c.f.u. of pure organism were emulsified in 10 ml sterile Luria-Bertani (LB) broth and incubated overnight at 37 uC. A pellet was obtained by centrifugation and total DNA was extracted using a modification of the method described by Narayanan et al. (2001) . A final DNA concentration of 2-20 ng ml 21 was used in the PCR assay. Once optimal reaction conditions had been determined empirically using the Rotor-Gene 3000 apparatus (Corbett Research), the PCR assay was run with all ESBL-producing clinical isolates, the four positive controls, E. coli NCTC 10418 as a non-ESBL-producing control and water as a nontemplate control. Each 20 ml reaction tube contained 5 ml DNA extract solution, 2 ml LightCycler FastStart Hybridization kit mixture (Roche Diagnostics), 0.8 ml 25 mM MgCl 2 (to give 2 mM magnesium), 0.5 ml of each 20 pmol ml 21 forward and reverse primers, 0.2 ml of each of the four 10 pmol ml 21 TaqMan probes and 11 ml RNase-free water. Cycling conditions were: 10 min incubation period at 95 uC followed by 35 cycles of PCR, each cycle consisting of 8 s at 95 uC and 60 s at 58 uC with a single fluorescence reading for all four channels being taken at the end of the extension stage. Real-time data were analysed with Rotor-Gene software (version 6.0). Upon completion of the run, a cycle threshold (Ct) was calculated by determining the point at which the fluorescence exceeded a threshold limit. This was manually set each time but reproducibly resulted in a normalized fluorescence ranging between 0.01 and 0.02 for all four channels. Any sample demonstrating a fluorescence signal above this value was regarded as positive.
To confirm the specificity of the new assay, the 11 ESBL-producing blood culture isolates were sent to ARMRL for analysis using the reference laboratory standard method, a block-based multiplex PCR (Woodford et al., 2006) . The ESBL-producing urine culture isolates were not referred to the ARMRL.
Amplicon sequencing of the PCR-positive blood culture isolates. Real-time PCR products were purified with the QIAquick PCR purification kit (QIAGEN) and their sizes (approx. 300 bp) were confirmed by agarose gel electrophoresis prior to sequencing in both directions using the consensus primers at 2 pmol ml 21 concentrations (CEQ 8000 Genetic Analysis System; Beckman Coulter). The amplicon sequences of the four positive controls and all PCR-positive blood culture isolates were compared with published sequences of CTX-M genotypes using the BLAST program (http:// www.ncbi.nlm.nih.gov/BLAST).
RESULTS AND DISCUSSION
The combination disc method indicated ESBL production in 11 of 34 blood culture isolates resistant to cefotaxime or ceftazidime. The TaqMan PCR assay assigned the four CTX-M-producing control isolates to their correct phylogenetic groups and detected bla CTX-M in five of 11 ESBL-producing isolates (Fig. 1) . No PCR products were observed in the (Table 2) . BLAST search analysis of the amplicon sequences gave 100 % matches for the assigned genotypes of the four positive controls. The three CTX-M-1 group sequences (isolates 42050, 42053 and 42058) were identical and gave a 100 % match with bla CTX-M-15 (GenBank accession no. AM40707). The two CTX-M-9 group sequences demonstrated one nucleotide difference; isolate 42049 gave a 100 % match with bla CTX-M-14 (GenBank accession no. AJ972957) and isolate 42052 gave a 100 % match with bla CTX-M-9 (GenBank accession no. AJ416345). However, it is only possible to say that genotypes matched reference sequences over the 300 bp amplified region of the bla CTX-M gene.
Definitive assignment of any CTX-M-positive isolates to the allelic level would require full sequencing of the entire bla CTX-M gene. We concluded that the six CTX-M PCRnegative, ESBL-producing isolates, for which the MICs of ceftazidime were higher than those for cefotaxime, were producing a non-CTX-M ESBL. The CTX-M PCR-negative, ESBL-producing Enterobacter cloacae (isolate 42056; Table 2 ) showed high-level resistance to both cefotaxime and ceftazidime (MICs both >256 mg l
21
), suggesting derepressed production of an AmpC b-lactamase in addition to the ESBL.
The combination disc method indicated ESBL production in 17 of 444 urinary isolates resistant to ampicillin, co-amoxiclav or cefalexin. The TaqMan assay determined that 16 of 17 ESBL-positive isolates were group 1 CTX-M producers, presumably CTX-M-15 genotypes (Table 2) . Isolate 197015 was CTX-M PCR-negative and was therefore assumed to be producing a non-CTX-M ESBL. None of the amplicons from the urinary isolates were sequenced.
These studies support the reported observation (Woodford et al., 2004 ) that CTX-M genotypes are now the most common ESBL type among UK members of the Enterobacteriaceae, with group 1 CTX-M producers (mostly CTX-M-15) predominating.
In conclusion, we have developed a novel real-time PCR method for the rapid detection and genotyping of CTX-Mproducing members of the Enterobacteriaceae. The method is an improvement on previously described techniques and, to our knowledge, this is the first TaqMan method of its type for CTX-M genotypes. This assay could be useful locally for investigating outbreaks and would be suitable for use in regional or national reference facilities. Use of this method at a local level would reduce the workload of reference laboratories (Woodford & Sundsfjord, 2005) . DNA extraction could be simplified or automated and the Rotor-Gene 3000 apparatus combined with the speed of the assay would allow a large throughput of specimens per 8 h day.
Importantly, the specificity of the probes negates the time-consuming and costly need for sequencing as major genotypes, encoding group 1, 2 and 9 enzymes (Bonnet, 2004; Livermore & Hawkey, 2005; Walther-Rasmussen & Hoiby, 2004) , are assigned as a function of the assay. By comparison with conventional PCR techniques, this would make a cheaper and faster same-day service feasible.
